Abstract: Type 1 pili from uropathogenic Escherichia coli are filamentous, noncovalent protein complexes mediating bacterial adhesion to the host tissue. All structural pilus subunits are homologous proteins sharing an invariant disulfide bridge. Here we show that disulfide bond formation in the unfolded subunits, catalyzed by the periplasmic oxidoreductase DsbA, is required for subunit recognition by the assembly chaperone FimC and for FimC-catalyzed subunit folding. FimC thus guarantees quantitative disulfide bond formation in each of the up to 3,000 subunits of the pilus. The X-ray structure of the complex between FimC and the main pilus subunit FimA and the kinetics of FimC-catalyzed FimA folding indicate that FimC accelerates folding of pilus subunits by lowering their topological complexity. The kinetic data, together with the measured in vivo concentrations of DsbA and FimC, predict an in vivo half-life of 2 s for oxidative folding of FimA in the periplasm.
T ype 1 pili from uropathogenic E. coli strains are filamentous, highly oligomeric protein complexes anchored to the outer bacterial membrane and are responsible for the attachment of the bacteria to the host tissue [1] [2] [3] . Type 1 pili are composed of two different subassemblies: a 1-to 2-μm-long and 7-nm-thick helical, rod-like structure containing up to 3,000 copies of the main structural subunit FimA and a flexible tip fibrillum containing one or several copies of the minor subunits FimG and FimF and a single copy of FimH at the tip of the pilus [2] [3] [4] [5] (Fig. 1a) . Each subunit has an incomplete immunoglobulin-like pilin fold 1 lacking the C-terminal β-strand. In addition, each subunit (except for FimH) has an N-terminal extension ('donor strand'), which is donated to the preceding subunit in the pilus, thereby completing its fold 1, 6, 7 . Type 1 pili are assembled in vivo via the 'chaperone-usher pathway' 8 , involving the soluble periplasmic chaperone FimC 9 and the assembly platform ('usher') FimD in the outer membrane [10] [11] [12] . The pilus subunits enter the periplasm in an unfolded conformation and are recognized by the chaperone FimC, which catalyzes their folding 13 . FimC also provides a β-strand that complements the fold of the bound subunits and is inserted in a parallel orientation relative to the last (F) strand of the subunit (Fig. 1b) . The chaperonesubunit complexes then diffuse to the outer membrane usher FimD, where the N-terminal extension of the incoming subunits replaces the donor strand of the chaperone on the previously incorporated subunit at the growing pilus end in a reaction termed donor strand exchange 7, 11, [14] [15] [16] . In contrast to the 'parallel' orientation of the donor strand in FimC-subunit complexes, the donor strand complementing the fold of neighboring subunits in the pilus has an antiparallel orientation relative to the F strand of the acceptor subunit. During pilus assembly in vivo, hundreds of donor strand exchange reactions occur on the timescale of several minutes 17, 18 . These reactions generate a chain of subunits, which, once translocated through the usher, forms the mature pilus on the surface of the bacterium.
The pilin domains of all pilus subunits contain two cysteine residues that form an invariant structural disulfide bond connecting β-strands A and B (Fig. 1b) . Several studies have demonstrated the importance of disulfide bond formation in pilus biogenesis 19 . The periplasmic disulfide oxidoreductase DsbA is the principal oxidant of periplasmic proteins with structural disulfide bonds 20, 21 . DsbA is essential for the in vivo assembly of pili and other disulfide-bonded virulence factors, as deletion of the dsbA gene from E. coli abolishes pilus biogenesis [22] [23] [24] .
Here we focus on the initial steps in type 1 pilus assembly, namely binding of the unfolded pilus subunit to the chaperone FimC, followed by chaperone-catalyzed folding. We used the major structural subunit FimA to investigate the role of the disulfide bond in chaperone-subunit (FimC-FimA) complex formation and subunit folding. The disulfide bond in FimA connects residues Cys21 and Cys61, which are situated in the first two β-strands, the A′ strand and the B strand (Fig. 1b) . Our results show that unfolded, reduced FimA (FimA U red ) is unable to bind the chaperone and that only unfolded, disulfide-intact FimA (FimA U ox ) is recognized by FimC. As only FimC-bound subunits are assembly competent 25 , this mechanism ensures that each subunit in the assembled pilus has its structural disulfide bond. We determined the crystal structure of FimA bound to FimC and propose a plausible model for FimC-catalyzed subunit folding, in which FimC lowers the topological complexity of the subunits during folding.
RESULTS

FimC only interacts with disulfide-intact unfolded FimA
FimC is a monomeric two-domain protein (22.7 kDa) that interacts with pilus subunits mainly via its N-terminal domain 1, [25] [26] [27] (the structure of the FimC-FimA complex is described in detail below). The only two tryptophan residues (Trp36 and Trp84) of FimC are located in its N-terminal domain, close to the subunit-binding site. As FimA lacks tryptophan residues, we first tested whether binding of FimA can be detected via a tryptophan fluorescence change in FimC. Figure 2a shows that addition of a two-fold excess of FimA Fig. 1 ), confirmed that no major structure formation in FimA ) (Supplementary Fig. 1 Figure 2c shows that FimA U ox formed a complex with FimC within the dead time of the experiment (about 1 min) after rapid dilution of FimA U ox into native buffer containing a two-fold excess of FimC. Formation of the FimC-FimA complex was detected via an additional peak and a decrease in the FimC peak intensity ( Fig. 2c and Supplementary Fig. 2 ). When the same experiment was performed with FimA U red instead of FimA U ox , no FimC-FimA complex was formed even after incubation for 24 h, and FimA was detected in the flow-through (Fig. 2c) . However, when an excess of oxidized DsbA (DsbA ox ) relative to FimA U red was added to the mixture of FimA U red and FimC before application to the column, the FimC-FimA complex was fully recovered (Fig. 2c) . FimA U red is thus unable to bind FimC, even after prolonged incubation, but is readily converted to its native, FimC-bound and assembly-competent state through oxidation with DsbA. In analogous experiments, we tested whether the ability of the subunit FimG and the pilin domain of FimH (FimH p , residues 160-279) to bind pilus subunits and catalyze their folding was also dependent on disulfide bond formation ( Supplementary Fig. 3a,b) . Again, neither unfolded FimG nor unfolded FimH p bound FimC in the reduced form, but the disulfide-intact subunits quantitatively formed the native FimCsubunit complexes, confirming the requirement of disulfide bond formation for chaperone-catalyzed subunit folding.
Kinetics of DsbA-and FimC-catalyzed FimA folding
The rate constants of oxidation of FimA . subunits are only assembly competent when bound to FimC 2, 10 . oM, outer membrane; IM, inner membrane. (b) topology diagram of the main structural pilus subunit FimA 49 . the location of the single, conserved disulfide bond that connects the N terminus of the first A strand with the C terminus of the second B strand is depicted in yellow with the corresponding residue numbers. the polypeptide segment of FimC that complements the FimA fold in FimC-subunit complexes (donor strand, g strand) is indicated in red. Table 1) .
The kinetics of the combined oxidation and folding reaction were recorded with stopped-flow fluorescence at initial concentrations of 5 μM FimC, 5 μM DsbA ox and 1 μM FimA U red , and the fluorescence change was analyzed according to two consecutive, irreversible steps (equation (3); Fig. 3c ). The obtained rate constants were identical within experimental error to those obtained for the independent reactions (Supplementary Table 1 ). The two reactions, oxidation and complex formation, have opposite signal changes, with two spectroscopic probes, DsbA and FimC, contributing to the change in tryptophan fluorescence. To verify this sequential mechanism, we used a spectroscopically silent variant of DsbA, DsbA W76F W126F ox with wild-type-like catalytic properties 31 , which allowed selective observation of FimC-mediated FimA folding. The data confirmed the sequential mechanism in which oxidation must precede folding, as we observed the predicted lag phase of about 2 s for the decrease in FimC fluorescence upon binding and folding of FimA U ox (Fig. 3d) expected increase in fluorescence due to dissociation of FimA from FimC, we also observed a slower second phase with a decrease in tryptophan fluorescence, which could be attributed to the slow unfolding of about 10% of the FimC molecules at 0.7 M GdmCl (Supplementary Fig. 4) . In summary, the increase in amplitudes of the faster phase (measuring FimC fluorescence increase) directly reported on the fraction of native FimA molecules bound to FimC after different reaction times. (8)) had to be used to account for 20 ± 2.5% of slow-folding FimA species, which became evident at the two highest protein concentrations used (Fig. 4b and Supplementary  Table 2) . We interpret the slow-folding species as an in vitro folding artifact caused by the cis-to-trans isomerization of non-native cis-prolyl peptide bonds that accumulate in FimA U ox upon longterm incubation in denaturant; as the only two prolyl peptide bonds (isoleucine-proline and threonine-proline) in FimA are in the trans conformation in the native state 28 , 20% of FimA U ox molecules with at least one non-native cis-prolyl peptide bond is indeed predicted for unfolded FimA on the basis of studies on unstructured model peptides 33 . In addition, the slower phase in Figure 4b shows a concentration-independent half-life of 18 s (Supplementary Fig. 5 ). Assuming a periplasmic volume of 6.5 × 10 −17 l, corresponding to ~9.3% of the total cell's aqueous volume (E. coli statistics: http:// ccdb.wishartlab.com/CCDB/cgi-bin/STAT_NEW.cgi), we obtained counts of ~3.4 × 10 3 DsbA molecules and ~920 FimC molecules per E. coli cell at mid-log phase, which translate into periplasmic concentrations of ~86 μM and ~23 μM of DsbA ox and FimC, respectively (DsbA has been shown to be fully oxidized in vivo under aerobic conditions 35 ). Assuming an excess of peri plasmic DsbA ox and FimC over FimA U red molecules newly entering the periplasm (that is, pseudo-first-order conditions), we were able to predict an in vivo half-life of 2.1 s for formation of native FimC-FimA complexes (Fig. 5b) . Oxidative folding of FimA in vivo is thus clearly faster than in our in vitro experiment (Fig. 3c) , where we observed a half-life of about 20 s with identical initial concentrations of 5 μM for DsbA ox and FimC. Although the periplasmic concentrations of FimC and DsbA might be subject to variations in the volume of the periplasm, it is nevertheless safe to state that FimA U red becomes rapidly oxidized by DsbA in vivo on the timescale of seconds and that FimA U ox does not accumulate to more than 50%, as it is rapidly bound by FimC (Fig. 5b) . This fast binding to FimC in vivo may be responsible for the reported protection against degradation of pilus subunits by pilus chaperones 36 .
FimC-FimA t structure
Recently, we reported the NMR structure of a designed, selfcomplemented FimA variant (FimAa) 28 , in which FimA is artificially extended at its C terminus by a hexaglycine linker followed by the FimA donor strand segment (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . FimAa has the same slow, spontaneous folding rate as wild-type FimA (1.6-h folding half-life) and adopts a conformation in which the C-terminal copy of the donor strand is incorporated into the tertiary structure in an antiparallel orientation relative to the FimA F strand, which corres ponds to the expected donor strand insertion pattern in the quaternary structure of the pilus rod 28 . To unravel the structural basis of the at least 10 4 -fold acceleration of FimA folding upon binding to FimC, we solved the X-ray structure of the FimC-FimA complex at 2.5-Å resolution and compared it with the structure of FimA a . To prevent formation of FimA homopolymers 28 , we used an N-terminally truncated FimA variant (FimA t ) lacking residues 1-17 of FimA 14, 28 and bearing an uncleaved methionine at the N terminus. refers to the first (chains A and B) of the two complexes found in the asymmetric unit. The structure has very good geometry and stereochemistry (Supplementary Table 3) , with only few residues absent from the model owing to disorder (FimC residues 95-99 and 205 and FimA t residues 91-94 and 121-126).
The FimC-subunit interaction is similar to that observed in the FimC-FimH complex 1 and the FimC-FimF complex 26 ( Supplementary Figs. 6 and 7) . The chaperone inserts residues 101-110 into FimA in a parallel orientation to the F strand of FimA and thereby complements the FimA pilin fold (Fig. 6a,b) . The interface area between the two molecules is 1,691 Å Side chain interactions between the FimA t and FimC cluster at the N and C terminus of the FimA t sequence (Supplementary Fig. 6 ) and are of predominantly polar character. At the C terminus, FimA t residues 147-159 (containing the F strand) interact with FimC via 15 hydrogen bonds, 9 of which are exclusively between main-chain atoms, as determined with HBPLUS 39 . In addition, the carboxyl group of the C-terminal Gln159 forms two salt bridges with Arg8 and Lys112, two invariant residues located in the interdomain cleft of the chaperone. Mutations of the corresponding residues studied in PapD, a close homolog of FimC, revealed that both residues are critical for pilus subunit binding 40 . The N-terminal region of FimA t , including the A′ strand, interacts with residues 1-7 of FimC, whereas the A′ strand forms an antiparallel β-sheet with the G strand of FimC. Sixteen intermolecular hydrogen bonds (eight of which are main-chain only) and one salt bridge (between Asp24 of FimA and the N-terminal amino group of FimC) are formed by the FimA segment encompassing residues 17−37. The FimA disulfide bond is solvent inaccessible, in agreement with the requirement of DsbAcatalyzed disulfide bond formation before FimA folding.
Superposition of FimA a (PDB code 2JTY 28 , conformer 18, as selected by OLDERADO 41 ) over FimA t in the FimC-FimA complex (chain B, Supplementary Fig. 8 ) shows that the structures are similar, with 95 equivalent Cα atoms (within 1.9 Å) aligning with a mean r.m.s. deviation of 1.18 Å. A total of 113 residues , corresponding to more than 80% of the FimA t sequence, align within 2.5 Å. The r.m.s. deviation over the whole FimA t structure (residues 18-159) is 2.68 Å, as calculated with LSQKAB 42 . The most prominent differences between the two structures are the sequence and orientation of the donor strand complementing the subunit fold: the G strand of FimA a (corresponding to the natural N-terminal extension of FimA) runs antiparallel to the F strand, whereas the donor strand of FimC (Fig. 6a,b) runs parallel to it. Further structural differences are found at the N terminus and between residues 24 and 29, where a short helix is formed in the FimA a structure. Residues 63-67 form a helix in FimA t but not in FimA a . Substantial deviations are also observed between residues 119 and 128. However, as reflected by the low r.m.s. deviation, most β-strands and loops superimpose well (Supplementary Fig. 8 ).
DiSCUSSioN
It is well established that DsbA is the main oxidant of thiol pairs in the periplasm 20 . Several studies have shown a negative effect of a dsbA deletion background on bacterial pathogenicity 19, 43, 44 . The deletion of the dsbA gene on the E. coli genome leads to the complete absence of type 1 pili 22 . Only when the entire type 1 pilus gene cluster was overexpressed via a plasmid in a dsbA deletion strain could type 1 pilus biogenesis still be observed, but at reduced levels compared to wild-type cells 23, 24 . The latter finding does not contradict the dependence on DsbA of type 1 pilus biogenesis in wild-type E. coli strains and may be explained by partial oxidation of overexpressed pilus subunits by air oxygen, which is possibly catalyzed by traces of transition metals such as copper 45 . The periplasmic disulfide isomerase DsbC might also act as an oxidant under certain growth conditions 19, 20, 46 . In the case of the homologous P pilus system, pilus assembly was also abolished in a strain lacking DsbA. The effect of the dsbA deletion on P pilus assembly had been interpreted such that the single structural disulfide bond between Cys228 and Cys233 in the P pilus chaperone PapD would no longer form in the absence of DsbA, thereby preventing PapD folding and thus pilus biogenesis 23 . The results obtained in this study reveal that disulfide bond formation has a much more profound function in pilus assembly than previously assumed. First, the type 1 pilus chaperone FimC lacks cysteines, so the lack of disulfide bond formation only affects the folding of the type 1 pilus subunits. Second, and most importantly, we showed that unfolded pilus subunits cannot be recognized by FimC unless the disulfide bond in the subunit is already formed. Thus, pilus subunit folding in the periplasm cannot be catalyzed by FimC when the only physiological oxidant, DsbA, is missing, and the pilus subunit will not become assembly competent. Third, it is essential that all subunits in a supramolecular unit such as the type 1 pilus rod have the same high stability. Only a single, unstable subunit lacking the structural disulfide bond in the pilus rod, which consists of up to 3,000 FimA copies, might lead to the dissociation of the rod in the extracellular space, in particular under shear forces 47 . FimC thus has a previously unknown quality control function for disulfide bond formation in each subunit and ensures that only oxidized subunits are incorporated into the pilus. FimC is also unique in that it is the only folding catalyst described so far that is strictly dependent on disulfide bond formation in the polypeptide substrate.
Our results, together with previous reports 13, 23, 24, 48 , suggest a straightforward model for the FimC-catalyzed subunit folding of FimA and other pilus subunits. As the FimA fold has a high topological complexity (contact order) 28 , this might be the dominant factor determining the high kinetic barrier of spontaneous FimA folding. We propose that FimC lowers this kinetic barrier via a mechanism consistent with the interactions between FimC and FimA in the FimC-FimA t structure. As FimC neither catalyzes folding of reduced FimA nor forms complexes with FimA Fig. 6 ).
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Another key binding motif, first identified in the complex between the PapD chaperone and a C-terminal peptide of the subunit PapG 40 , is the C-terminal F strand of the pilin domain. This F strandchaperone interaction is also conserved in all structures of FimCsubunit complexes 1, 25, 26 . As the A′, A″ and F strands are the N-and C-terminal FimA segments, respectively, their simultaneous binding to the donor strand (G strand) of FimC leads to 'circularization' of the FimA polypeptide chain (Supplementary Fig. 9 ). The circularization predicts a dramatic reduction of topological complexity for the folding process so that the rest of the pilin chain might rapidly collapse to the native structure.
Kinetic simulations performed with the determined in vivo concentrations of DsbA and FimC provide strong hints that DsbA-and FimC-dependent in vivo folding of FimA proceeds rapidly, with a deduced in vivo half-life of about 2 s. Although the situation in vivo is more complex than in our in vitro experiments (there is competition between multiple periplasmic polypeptide substrates for oxidation by DsbA), we are convinced that the simulated in vivo populations of FimA species and the timescale of FimA folding in vivo (Fig. 5b) 
